Despite numerous reports of relationships between weight gain and butyrylcholinesterase (BChE), this enzyme's role in the genesis of obesity remains unclear, but recent research points to strong links with ghrelin, the "hunger hormone." The availability of BChE knockout (KO) mice provides an opportunity to clarify the causal relationship between BChE and obesity onset. We now find that young KO mice have abnormally high plasma ghrelin levels that slowly decline during long-term high-fat feeding and ultimately drop below those in wild-type mice. On such a diet, the KO mice gained notably more weight, more white fat, and more hepatic fat than wild-type animals. In addition to a greater burden of hepatic triglycerides, the livers of these KO mice show distinctly higher levels of inflammatory markers. Finally, their energy expenditure proved to be lower than in wild-type mice despite similar activity levels and increased caloric intake. A gene transfer of mouse BChE with adeno-associated virus vector restored nearly all aspects of the normal phenotype. Our results indicate that BChE strongly affects fat metabolism, has an important impact on fat accumulation, and may be a promising tool for combating obesity. (Endocrinology 157: 3086 -3095, 2016) 
O besity has become a pandemic disorder with serious health concerns for affected individuals (1) , raising the risks of insulin resistance, hypertension, atherosclerosis, type 2 diabetes, as well as breast and colon cancer. One predisposing factor may be a low circulating level of butyrylcholinesterase (BChE) (EC 1.1.1.8). Serum BChE activity shows a strong positive correlation with levels of serum triglyceride, total cholesterol, fasting insulin, and insulin resistance, but a negative correlation with high density lipoprotein-cholesterol (2) (3) (4) (5) . BChE is synthesized in liver and can serve as a biomarker of liver damage, cirrhosis, and metastatic cancer (3) . Plasma BChE is often low in protein-energy malnutrition (6) but is elevated in populations that are obese or diabetic (7) . Until now, few if any studies have thoroughly probed the causal links between BChE and obesity and its metabolic consequences, or explored how deliberate alterations of BChE levels might affect such disorders.
BChE's genetic variation clearly points out a link to obesity and obesity-related disorders. For example, studies show that individuals with a BChE phenotype expressing one extra protein band owing to a variant at the cholinesterase-2 locus (ϳ10% of the population) display up to 20% higher BChE activity in plasma, along with lower weight and body mass index (8, 9) . In contrast, those with "K variant" BChE display 40% less plasma BChE activity and have a higher incidence of obesity, type 2 diabetes, and coronary artery disease (10 -12) . Overall, individuals with high BChE activity tend to be lean, whereas those with low BChE activity are prone to increased adiposity and weight gain. Paradoxically, BChE activity is positively correlated with body weight and body mass index in obese people (13) (14) (15) (16) . Moreover, a recent genome-wide association study found highly significant correlations between BChE activity and phenomena related to obesity, including insulin resistance and fatty liver (17) . The study authors concluded that altered BChE expression was more likely to be a consequence rather than a cause of metabolic abnormalities. However, a full grasp of BChE's association with metabolic syndromes remains elusive and this topic deserves renewed attention in light of recent discoveries highlighting the enzyme's role in inactivating the peptide hormone, ghrelin (18) .
Ghrelin is released primarily from the stomach to drive food intake and weight gain, and also regulates energy homeostasis (19, 20) . This peptide has the unique feature of an n-octanoylated serine-3 residue that is essential for its pharmacokinetics and receptor activation (21) . BChE cleaves the octanoyl group to transform ghrelin into "quasi-inactive" desacyl-ghrelin (22) (23) (24) (25) . Genotyping of single nucleotide polymorphisms of GHRELIN and BCHE genes in obese individuals indicates a close relationship between ghrelin and BChE expression (26) .
In 2008, Lockridge's pioneering investigation of BChE knockout (KO) mice of the C57BL strain found that, on a high-fat diet (HFD), they gained body weight faster than wild-type (WT) mice (27) . Very recently, Zhan and coworkers showed that weekly injections of mutated human BChE impeded weight gain in WT C57 mice (28) . These outcomes show that plasma BChE can strongly influence the onset of obesity. However, no excess food consumption was observed in either study, and the mechanism behind the weight gain has remained obscure. Our own work with the same strain of mice (23) showed that a genetic deficiency of BChE leads to ghrelin levels 50% above normal. This finding suggests that BChE KO mice gain excess weight on rich diets because their superabundant ghrelin arouses appetite and promotes food consumption. Here, with methods that permit precise measures of food intake, we pursued the concept that a loss of BChE and a rise in ghrelin are strong drivers of food intake and weight gain. In addition we examined a wide range of metabolic phenomena relevant to fat deposition in the KO mice.
Materials and Methods

Animal subjects and ethics
Adult male WT and BChE KO mice in the same background C57BL/6 were obtained from The Jackson Laboratory under protocol A41212 approved by Mayo Clinic's Institutional Animal Care and Use Committee. These BChE KO mice were recovered from cryo-storage and bred as homozygotes at The Jackson Laboratory. Experiments were conducted in accord with the Guide for Care and Use of Laboratory Animals (29) in American Association for the Accreditation of Laboratory Animal Care accredited facility. Our high-fat diet contained 45% calories from fat, 20% from protein, and 35% from carbohydrate (Research Diet D12451). At first consumption was measured weekly in cages of 5 mice with wood shavings. For more accuracy, food intake was determined daily in singly housed mice with cage bedding replaced by iso-pads in order to account for every grain of residual food.
Viral gene transfer
cDNA encoding luciferase or mouse BChE was subcloned into an adeno-associated virus (AAV) backbone. The resulting transfer vectors were cotransfected into HEK293T cells with helper vectors pHELP (Applied Viromics) and pAAV 2/8 (University of Pennsylvania) as previously described (30) . Viruses in cell lysates were isolated by ultracentrifugation and viral particles were quantitated by real-time PCR. Vector (200 L, 9.9 ϫ 10 11 particles) was given via tail-vein in 4-week-old mice, followed by 200 L of 0.9% sterile NaCl. BChE expression was monitored across the study as shown in Supplemental Figure 1 .
Body composition and energy expenditure
Fat mass and lean mass were assessed every 2 months in an EchoMRI-100 body composition analyzer (Echo Medical System). Habitual physical activity, O 2 consumption (VO 2 ), and CO 2 expiration (VCO 2 ) were monitored over 24-hour periods (12-h light/12-h dark) using a Comprehensive Lab Animal Monitoring System equipped with an Oxymax Open Circuit Calorimeter System (Columbus Instruments). The resulting VO 2 and VCO 2 values were converted into respiratory exchange ratios (VCO 2 to VO 2 ).
Histology and determination of fat cell size
White and brown fat samples were taken from characteristic depots identified by location and color. Flash-frozen adipose tissues were fixed in 4% buffered paraformaldehyde and sections were stained with hematoxylin and eosin (H&E) or Oil Red O. To measure adipocyte cross-sectional area, 4 microscope fields in H&E-stained adipose tissue from 8 mice per group were digitally recorded. Images were analyzed using NIS-Elements imaging software (Nikon Instruments, Inc).
Tissue triglyceride
Liver lipids were analyzed as previously described (31) after homogenization in 20mM Tris-Cl buffer (pH 7.4) with 5mM NaF (Sigma-Aldrich), and cocktails of proteinase and phosphatase inhibitors (Roche). Lipids were extracted in 2:1 (vol/vol) chloroform/methanol, solubilized in tertbutanol:methanol:Triton (3:1:1, vol/vol/vol), and dried under nitrogen. Lipid content was determined using L-type triglyceride M reagent (Wako Chemicals USA, Inc).
Gene expression
Total tissue RNAs were extracted with TRIzol (Invitrogen) and 1-g aliquots were processed with a high-capacity cDNA reverse transcription kit (Applied Biosystems) per the manufacturer's instructions. Real-time PCR was performed with a CFX384 detection system (Bio-Rad). Primer sequences are in Supplemental Table 1. and 10 AM, and fasting samples were obtained after 16 hours of food deprivation. Samples were collected in cooled EDTAtreated tubes with 0.1 vol of 1N HCl, protected by proteinase inhibitors (1mM p-hydroxymercuribenzoic acid; Sigma-Aldrich and 1.5M aprotinin; Roche), centrifuged 10 minutes at 8000g, and stored at Ϫ80°C. ELISA kits were used to measure levels of insulin (Alipco) and insulin-like growth factor 1 (IGF-1) (R&D Systems, Inc), as well as ghrelin and desacyl-ghrelin (Cayman Chemical). Total, low, and very low density cholesterol (LDL and VLDL, respectively) were assayed by a Sigma kit. Blood glucose concentrations were measured by glucometer (Bayer HealthCare). BChE activity was determined by Ellman assay as described previously (23) .
Data analysis
Body weight and daily food intake data were analyzed by two-factor mixed ANOVA followed by Holm-Sidak multiple comparison tests. Two-group comparisons were conducted with a 2-tailed t test, and P Ͻ .05 was considered significant.
Results
BChE-deficient mice become obese on high-fat diet
Mouse body weights were similar in all groups at baseline, but KO mice on high-fat diet slowly became heavier than their WT counterparts. Significant group differences emerged after 4 months of feeding and they grew further as time passed ( Figure 1A ). At final stages, whole-body fat mass was 35% higher in the KO mice than in WT ( Figure   1B ). The excess weight in KO mice was due to increased adipose tissue mass ( Figure 1B , upper panel). Lean tissue gain was not different between groups ( Figure 1B , lower panel). These dietary obesogenic effects were blunted in KO mice given viral transfer of the BChE gene at 4 weeks of age ( Figure 1, A and B) . Consistent with the weight gain difference, circulating leptin, total cholesterol, LDL/ VLDL, insulin, and IGF-1 were respectively 62%, 88%, 62%, 80%, and 21% higher in BChE KO mice than in controls, with no change in blood glucose (Table 1) . BChE vector in the KO mice led to stably high enzyme levels in plasma (Ͼ30 U/mL) (Supplemental Figure 1 ) as compared with approximately 1 U/mL in untreated WT animals. This treatment also normalized all the altered serum parameters, except for insulin and IGF-1 (Table 1) .
Initially, we saw no apparent difference in food intake with or without vector treatment, but food powder lost into bedding was not accounted for. More rigorous measures of food intake were then made on a daily basis with 2 cohorts of single-housed mice. One group was young (3 mo old) and had fed only on regular chow. Their average weight at this point was slightly higher than WT but not different by t test. However, a significant weight divergence emerged over the next 2 weeks on high-fat diet, P Ͻ .05 by two-way ANOVA (Figure 2A ). This divergence grew further during 4 more months of HFD ( Figure 2B ), and it was sustained or enhanced at 9 months, the study endpoint ( Figure 2C ). Energy intake in the younger KO mice did not differ measurably from that in same-age wild-type controls ( Figure 2D ), but the older, obese KO mice (7-and 12-mo-old mice) consumed significantly more food than the agematched controls ( Figure 2 , E and F). Although this excess was modest, the cumulative energy intake eventually surpassed the control group. Plasma ghrelin decreased in all groups as body weights rose. In young mice lacking BChE, it was 40% greater than control, but after months of high-fat feeding, ghrelin levels dropped 40% below the lean WT ( Figure 3A ) or vector-treated KO mice (Table 1) . Meanwhile, leptin levels rose in parallel with body fat ( Figure 3B ). The evidence that body weight/diet was affecting plasma ghrelin levels led us to examine the impact of BChE loss on energy expenditure. Effect of high-fat diet on body weight, fat mass, and lean mass in untreated wild-type and BChE-KO mice, as well as KO mice given AAV-luciferase or BChE vector. A, Body weights of male control (n ϭ 27), BChE KO (n ϭ 28), and BChE KO mice transduced with AAV encoding luciferase (LUC) (n ϭ 10) or mouse BChE (n ϭ 9). All mice were fed on 45% calorie high-fat diet. Two-way ANOVA showed significant differences in body weight: BChE KO VS wild type (P Ͻ .001), BChE KO VS LUC-vector-treated KO (not significant, n.s.); BChE KO VS BChE-vectortreated KO (P Ͻ .001), BChE-vector-treated KO VS wild type (n.s.). B, Fat and lean mass measured by Eco-MRI every 2 months. Results are mean Ϯ SEM; **, BChE KO and LUC-vector treated-BChE KO vs wild-type group, P Ͻ .01. There were no significant group differences in lean mass.
Decreased energy expenditure in BChE KO mice
Because increases in body weight imply an excess of energy intake over energy expenditure, we examined the possibility that decreased energy expenditure contributed to excess fat gain in KO mice. At age 2.5 months after HFD for 1.5 months (before body weight differences arose), the KO mice showed slightly lower energy expenditure than controls, but the effect was not significant (Supplemental Figure  2) . When the mice reached 7 months of age, after 6 months of HFD feeding, the body weight difference became obvious. At this point, during the light cycle, the KO mice consumed 17% less O 2 per kilogram of total body weight than control mice, and 15% less than controls during the light cycle and 15% less during the dark cycle (P Ͻ .01). Likewise, O 2 consumption in vector-treated KO mice was similar to WT controls ( Figure 4A ). Again, CO 2 production was 19% lower in KO mice during both light and dark cycles but was normal in those given BChE vector ( Figure 4B ). There were no group differences in respiratory exchange ratio or spontaneous activity (Figure 4, C and D) . Thus, we ascribed the altered energy expenditure to calories involved in maintaining body systems and normal temperature at the resting state ( Figure 4E ). However, it is worth noting that all mice had undergone long-term HFD feeding and their excess body weight reflected an expansion of adipose tissue, which has much lower metabolic activity than 
Circulating concentrations were measured in 10-month-old mice after 9 months of high-fat feeding (9 -10 animals per group press.endocrine.org/journal/endolean tissues. To account for such differences in body composition, we adjusted the data to lean body mass. After this normalization the differences in VO 2 ,VCO 2 , and energy expenditure disappeared (Supplemental Figure 3) . As the proper way to normalize energy expenditure remains a debated issue, we hesitate to draw strong conclusions from the above data. Nevertheless, reduced overall energy expenditure seemed the most likely cause of increased fat accumulation in the KO mice.
BChE KO mice have more white and brown adipose tissue
Terminal issue harvests revealed that inguinal fat pads and interscapular brown fat in untreated KO mice were heavier than in controls but not in KO mice given BChE vector ( Figure 5A ). Thus, at 10 months, inguinal fat weighed 119 and 123 mg in WT and vector-treated BChE KO mice vs 239 mg in untreated KO mice (P Ͻ .001). Brown fat weights followed the same pattern: 210 mg in WT mice, 230 mg in BChE-vectortreated KO mice, and 430 mg in untreated KO mice (P Ͻ .001). There were no differences in epididymal fat pad weights among the 3 groups. Tissue weights in the luciferase vector controls were similar to the untreated group (Supplemental Figure  4) , suggesting that AAV by itself had no effect on diet-induced body weight gain.
White adipose and brown fat tissues were sectioned and stained with H&E for microscopic evaluation, which revealed a substantial increase in the size of inguinal but not epididymal adipocytes in BChE KO mice vs WT and vector-treated BChE KO ( Figure 5B ). Average inguinal fat cell diameters in KO mice were 50% greater than in WT animals ( Figure 5C ). If cells were perfectly spherical this would translate to a 2.5-fold increase in cell volume, roughly mirroring the relative fat pad weights. Brown fat tissue in KO mice also contained more lipid than in the other 2 groups ( Figure 5B ). Nonetheless, transcript levels of adipogenesis markers, including peroxisome proliferator-activated receptor (PPAR)␥, adipocyte protein 2, and adiponectin, were not altered in inguinal or brown fat ( Figure 5D ). We conclude that the fat excess was not due to enhanced adipogenesis (ie, proliferation of fat cells). Instead it reflected increased fat cell volume and lipid content.
BChE KO mice develop fatty liver after long-term high-fat feeding
Clinical obesity is often associated with hepatic steatosis. Livers from BChE KO mice were 70% heavier and contained twice as much lipid as controls ( Figure 6, A and B) . The vectortreated KO mice had 8 times more BChE activity in liver than the WT controls ( Figure 6C ), and their liver weights and triglyceride levels were distinctly lower ( Figure 6, A and B) . Plasma from untreated KO mice showed substantially higher levels of serum alanine aminotransferase, a marker of hepatic damage ( Figure  6D ). In addition, H&E and Oil Red O staining of KO liver sections revealed abundant lipid droplets (micro-or macrovesicular fat), which were rare or absent in WT and vector-treated KO mice ( Figure 6E ). These observations were consistent with the approximately 3-fold increase in TNF␣ mRNA in KO livers, suggesting a persistent, low-level hepatic inflammation (Figure 6F) . Hence, it is clear that BChE directly or indirectly press.endocrine.org/journal/endo 3091 affects fat metabolism in mice experiencing a high-fat challenge.
Hepatic lipid content reflects a complex balance between fatty acid uptake, de novo lipogenesis, export as VLDL-triglyceride, and lipid oxidation. Real-time PCR data showed reduced expression of mRNA for fatty acid synthase and increased mRNA for hormone-sensitive lipase in KO mice ( Figure 6F ). These effects were not rescued by BChE vector treatment. There were no differences in mRNAs for enzymes that regulate fatty acid entry into the mitochondria (carnitine palmitoyl-transferase 1a) or fatty acid esterification (glycerol-3-phosphate acyltransferase). There was also no difference in expression of the transcription factors, proliferator-activated receptor-␣ and sterol regulatory element binding protein, which regulate lipid metabolism in liver. We conclude that the abnormal liver fat in BChE KO mice is not due to gene regulation in liver cells but to lipid relocation from adipose tissues elsewhere in the body. . Data expressed as mean Ϯ SEM (n ϭ 9 -10); *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001.
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Discussion
Several human studies have made connections between altered BChE activity and the incidence of obesity, perturbed lipid metabolism, type 2 diabetes, and cardiovascular risks (3, 4, 7) , but none were able to determine whether abnormally high or low BChE levels were a cause or consequence. We have now taken advantage of available BChE KO mice to explore multiple aspects of this enzyme's role in genesis of obesity. As noted, Lockridge's group reported in 2008 that BChE Ϫ/Ϫ S129 mice gained excess weight on a rich diet (29% calories from fat) that did not lead to obesity in mice with normal BChE levels (27) . We now confirm that key finding in another strain, C57BL/6, and we show for the first time that BChE gene transfer in enzyme-deleted mice restores resistance to obesity. Interestingly, our vector-treated KO mice carried much higher BChE activities in plasma and liver, but they were not leaner or smaller than the WT controls. We also found that mouse ghrelin levels depend at least partly on the degree of BChE expression, being somewhat higher when the enzyme is absent and substantially lower when it is greatly overexpressed. The higher fat burden in BChE KO mice clearly reflects excess of energy intake over outgo. Lower energy expenditure on basic body functions is a likely additional factor. Although fat is metabolically less active than lean tissue, it accounted for a large share of body mass in our high-fat-fed mice, making a substantial contribution to the total metabolic rate. In any event the large mass of sc adipose tissue and the accumulation of fat droplets in the KO mouse liver are striking demonstrations of BChE's importance in modulating weight gain and lipid processing. Our previous work has shown that BChE regulates ghrelin by hydrolyzing the peptide's octanoyl group required for its main biological actions, as loss of this enzyme in mice results in a 50% rise of plasma ghrelin (23) . It is logical that ghrelin elevation in BChE KO mice should drive excessive food intake. However, many factors influence ghrelin's impact, one being diet-induced weight change (32) . We suggest that the slow decline in plasma ghrelin as KO mice grew heavier was an adaptation to the positive energy balance associated with obesity. This is consistent with the decreased circulating ghrelin levels in human obesity (33) .
A plausible interpretation is that ghrelin reduction enhances the sensitivity or abundance of its main target, the GH secretagogue receptor 1a. Continued excess of food consumption in obese mice is consistent with human studies showing that low-dose ghrelin infusion has little effect in lean individuals but increases energy intake in obese subjects (34) . Animal research confirms that ghrelin is a hunger-stimulating hormone, but ghrelin-induced overeating typically requires nonphysiological doses (35, 36) and neither ghrelin KO nor ghrelin receptor KO cause decreased food intake and body weight on normal diets (37, 38) . However, in contrast with WT animals, such mice do gain less body weight and fat mass on HFD (39, 40) . Furthermore, ghrelin is an important physiological regulator of blood glucose levels during periods of caloric restriction. It serves this role by driving GH secretion (41) . Thus, the intertwined roles of BChE and ghrelin in obesity progression are far more complex than we originally envisioned.
Body weight is regulated by complex mechanisms involving cooperation between peripheral and central systems. Leptin and ghrelin are 2 hormones that strongly impact energy balance (42) . Both originate primarily in the periphery and signal to the central nervous system (CNS) through different pathways leading primarily to the hypothalamus (35, 43, 44) . Leptin mediates long-term energy balance, slowly suppressing food intake, and preventing weight gain (45) . By contrast, ghrelin is a fastingacting hormone that arouses appetite and promotes fat storage (46) . In a seeming paradox, the circulating anorectic hormone leptin rises in obese people (47) , whereas orexigenic ghrelin falls (33) . Our obese mice maintained constitutively high leptin concentrations, probably secreted from fat cells.
As a rule, unburned energy is conserved as fat. Nutrient overload induces both sc and visceral fat enlargement, but as obesity develops, visceral fat mass can increase disproportionally (48) , and health risks grow. Visceral fat portends greater risk for diabetes, cardiovascular disease, hypertension, and certain cancers (48 -50) . Subcutaneous fat is not linked to most of the classic obesity-related pathologies, and some evidence suggests it may even be protective (51) . In our study, after high-fat feeding for 9 months, the major contributor to excess body weight in KO mice was sc inguinal fat rather than epididymal fat. In other words, it appears that intraabdominal adipose stores saturated quickly, whereas sc fat did not.
A dramatic new finding in high-fat-fed KO mice was the major lipid accumulation in liver. Liver is a surrogate reservoir for fat when adipose tissue nears saturation (52) . A buildup of fatty acids in the liver promotes triglyceride synthesis and VLDL production (53) . Discordance between triglyceride synthesis and VLDL secretion may lead to cytotoxicity and dysfunction from accumulated intrahepatic triglycerides. Our data show that when fat calories were superabundant, BChE deficiency led to an overload of liver fat and triggered gene expression of inflammatory cytokines. Hence, we posit a key role for BChE in lipid press.endocrine.org/journal/endoregulation, either directly or through synergistic actions with cholesterol esterase. In humans, activation of the ghrelin/GH endocrine axis promotes the synthesis and secretion of IGF-1 (21), whereas plasma ghrelin levels are negatively regulated by circulating IGF-1 (54, 55) . Here, we saw a negative correlation between plasma ghrelin and IGF-1 in older, fat BChE KO mice, supporting the idea of a negative feedback loop between ghrelin and the GH/IGF-1 system. In line with previous reports (56) , the elevated circulating IGF-1 was associated with chronic hyperinsulinemia in BChE KO mice, which involved increased abundance of GH receptors in liver, leading to elevated production of IGF-1.
Despite a full rescue of body weight and other variables in KO mice given BChE vector, plasma insulin and IGF-1 in these animals remained higher than in WT littermates. A likely cause of the persisting elevation despite healthy body weight was lack of BChE in KO brains. Systemic injection of BChE vector drives enzyme transduction in liver and release into plasma, generating supernormal levels in all tissues outside the CNS, with no sign of toxicity (57) . However, this transduced BChE cannot cross the blood-brain barrier and remains absent in the CNS of KO mice. Because the systemic gene transfer did normalize weight gain and other functions, we attribute the persistent physiological abnormality to the continued BChE deficit in brain and spinal cord. Therefore the continued hyperinsulinemia points to unexpected functions for BChE in a CNS locus unreached by gene transfer vector. Acetylcholinesterase evidently cannot serve these functions although its levels remain normal in BChE KO mice. Data to define BChE's role are still lacking but we propose it involves modulating ghrelin in the hypothalamus to regulate vagal stimulation of pancreatic insulin release (58) .
Finally, we are well aware that the role of sex is a fundamental issue in the incidence and evolution of obesity, diabetes, and metabolic syndrome (59) . Plasma BChE is reportedly higher in female rats than in males (60) , and female rats generally have more body fat than males. Unfortunately, the present study was unable include female mice, but this is a high priority for future research on BChE interactions with sex hormones in regulating fat metabolism and storage. All in all, our findings strongly support a role for BChE in mitigating diet-induced weight gain by regulating energy expenditure, adipose tissue growth, and fat metabolism in liver. Efforts to clarify that role may lead to new therapeutic approaches for treating obesity and related disorders.
